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© Digital control system and a sub-circuit to be used in the control system. 
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© A digital control system is disclosed. The control 
system comprises an actuator (2) for influencing a 
state variable. A sensor (3) detects this state variable 
and the detected state variable is converted into a 
series of digital measured signal values (l(k)) with 
the aid of an analog-to-digital converter (4). Accord- 
ing to a specific control system a digital signal 
processor (5) derives a control signal (Vs) for the 
actuator (2) from this series of signal values l(k). 

For normalizing the measured signal values l(k) 
and/or adjusting the gain of the control loop the 
digital signal processor comprises a digital sub-cir- 
cuit (6). 

The digital sub-circuit comprises a negative 
feedback system which includes an integrating filter 
(24) and a quantizing circuit (25). The output (9) of 
the digital sub-circuit is fed back to a comparing 
circuit (21) through a multiplier circuit (20). The input 
(7) of the filter is also coupled to the input of the 
comparing circuit (21). The low-frequency compo- 
nent of the series of signal values o(k) at the output 
(9) is equal to the quotient of the series of signal 



values a(k) at the input and the series of signal 
values b at an input (8). 

When the quantizing circuit (25) is used, the 
number of bits per signal value o(k) at the output (9) 
is strongly reduced compared to the number of bits 
per signal word a(k) at the input (7). This means that 
a multiplier will suffice which comprises a very limit- 
ed number of components. Since the number of 
components needed for the filter (24) and quantizing 
circuit (25) is also very limited, this provides a sub- 
circuit having a total number of components which is 
very small. 

It is true, the quantization introduces a strong 
noise component into the series of signals o(k) at the 
output (9). But if the sub-circuit (6) is driven at the 
sample rate (fs) which exceeds by far the bandwidth 
(Bs) of the control system in which the sub-circuit (6) 
is used, this noise component is not disturbing be- 
cause the noise power (P(r)) is then concentrated in 
a frequency range situated outside the bandwidth 
(Bs) of the control system. 
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The invention relates to a digital control sys- 
tem, comprising an actuator for influencing a state 
variable in a process, a sensor for detecting the 
state variable, a converter for converting the de- 
tected state variable into a series of digital mea- 
sured signal values, a digital signal processor for 
deriving an actuator control signal from the series 
of measured signal values. 

The invention further relates to a digital sub- 
circuit to be used in the digital servo system. 

A digital control system according to the open- 
ing paragraph is known, for example, from Eu- 
ropean Patent Application 0 390 467. The digital 
control system described in that document relates 
to the focus control and tracking control in an 
optical recording and/or reproducing apparatus, in 
which an optical record carrier is detected with the 
aid of a radiation beam for recording and/or re- 
producing purposes. The focus error signal and the 
tracking error signal are then derived from the 
radiation beam reflected by the record carrier. The 
magnitude of the focus error signal and the track- 
ing error signal is strongly related to the intensity 
of the radiation beam. This intensity strongly de- 
pends on the intensity of the radiation source used 
and on the reflection of the record carrier. Since 
these parameters may vary considerably there is a 
need for rendering the loop gain of the control 
system electronically adjustable and/or normalizing 
the error signals by dividing the focus error signal 
by the intensity of the detected radiation beam. 

Optical recording and/or reproducing apparatus 
in which the normalization and/or adjustable gain 
are realised by means of analog multiplication and 
sub-circuits are known, in optical recording and/or 
reproducing apparatus having digital focus and 
tracking controls there is a problem that digital 
multiplier circuits and/or digital sub-circuits are 
necessary for gain adjustment and/or normalization 
in digital control loops. The prior art digital multi- 
plier circuits and the digital sub-circuits, however, 
are disadvantageous in that they need very many 
components. This is especially a disadvantage in 
integrated circuits because these large amounts of 
components cover a relatively large chip surface 
which has a detrimental effect on the cost price of 
such an integrated circuit. 

It is an object of the invention to provide a 
digital control system according to the opening 
paragraph in which the normalization of error sig- 
nals and adjustment of the gain are possible with 
the aid of digital circuits comprising relatively few 
components. 

According to the invention this object is 
achieved by means of a digital control system, 
characterized in that the signal processor com- 
prises a digital sub-circuit which has a first input for 
receiving a series of m-bit signal values which are 
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related to the measured signal values, a second 
input for receiving an n-bit signal value and an 
output for producing a series of p-bit signal values 
which are indicative of the quotient of the series of 

5 m-bit signal values on the first input and the signal 
value on the second input, the signal processor 
also including a generating means for generating a 
control signal related to the series of signal values 
at the output of the sub-circuit, the sub-circuit in- 
to eluding a multiplier which has a first input coupled 
to the output of the sub-circuit and a second input 
coupled to the second input of the sub-circuit and 
has an output for producing a series of signal 
values indicative of the product of the output sig- 

75 nals and the signal samples on the second input, 
the multiplier output being coupled to a first input 
of a comparing circuit, a second input of the com- 
paring circuit being coupled to the first input, an 
output of the comparing circuit being coupled to an 

20 input of a quantizing circuit for converting the se- 
ries of signal samples on its input into a second 
series of p-bit signal values, with p smaller than n, 
and the output of the quantizing circuit being coup- 
led to the output of the sub-circuit, and the loop 

25 formed by the comparing circuit, quantizing circuit 
and multiplier, comprising an integral-action filter. 

When the sub-circuit is used, the output signal 
is adapted in such a way that the low-frequency 
component in the series of signal values at the 

30 output of the multiplier is maintained equal to the 
low-frequency component in the series of signal 
values at the first input That is to say, the low- 
frequency component of the output signal is equal 
to the quotient of the series of signal values at the 

35 first input and the signal value at the second input. 
Since the number of bits of the signal values at the 
output of the sub-circuit is small due to the quan- 
tization, a multiplier can be used having relatively 
few components. For that matter, the number of 

40 components required in a digital multiplier is 
strongly related to the number of bits of the signal 
values to be multiplied. 

As a result of the quantization, the series of 
signal values at the output of the sub-circuit will be 

45 strongly affected by noise. However, if the fre- 
quency with which the signal values are generated 
at the output of the sub-circuit is much higher than 
the highest available frequency in the series of 
signal values at the first input, the noise power will 

so mainly be situated in the high-frequency portion of 
the spectrum of the series of signal values at the 
output. The noise component power in the low- 
frequency spectrum will then be negligibly small 
relative to the signal power in this low-frequency 

55 portion of this spectrum. This means that the noise 
resulting from the quantization can be cancelled 
without any problem without affecting the low-fre- 
quency component in the sub-circuit output signal. 
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The sub-circuit comprises a negative feedback 
system. This implies that the sub-circuit may be 
brought from a stable to an unstable state when 
sign inversion of the signal value occurs at the 
second input. For that matter, sign inversion 
changes the negative feedback into an unstable 
positive feedback. This implies that the sub-circuit 
cannot be used in an unqualified manner for any 
signal value on the second input. This objection 
can be met by means of an embodiment of the 
invention characterized in that the output of the 
quantizing circuit is coupled to the output of the 
sub-circuit by means of a circuit for inverting the 
sign of the signal samples produced by the quatiz- 
ing circuit in response to the sign of the signal 
samples on the second input. 

An extremely simple multiplier may be used in 
the case where the quantizing circuit converts the 
signal on its input into a 1-bit signal value. In that 
case a 1-bit multiplier will be sufficient. 

A further embodiment of the control system 
according to the invention is characterized in that 
the output of the sub-circuit is coupled to the input 
of the actuator only over an analog signal path. 

: In this embodiment the output signal of the 
sub-circuit may be used directly for driving the 
actuator so that no additional digital-to-analog con- 
verter is necessary. Owing to the- presence of high- 
frequency noise in the output signal the output of 
the sub-circuit is preferably connected to the ac- 
tuator through a low-pass filter. 

The digital sub-circuit is pre-eminently suitable 
for use in control systems. However, the use of the 
digital sub-circuit is not restricted to control sys- 
tems. The sub-circuit may, in essence, be used 
always when a series of digital signal values is to 
be divided by an adjustable devisor, like, for exam- 
ple, for the normalization of digitized audio and/or 
video signals. 

The invention will be further explained below 
with reference to the Figs. 1 to 10, in which: 

Fig. 1 shows a general block diagram of the 
digital control system according to the invention; 
Figs. 2a and 2b show embodiments of the digi- 
tal sub-circuit according to the invention; 
Fig. 3 shows the bandwidth of the control sys- 
tem and the power spectrum of the noise caus- 
ed by the sub-circuit; 

Figs. 4 and 5 show series of signal values 
occurring at the output of the digital sub-circuit; 
Figs. 6 and 7 show the frequency spectrum of 
signals at the input and output of the sub-circuit; 
Fig. 8 shows an embodiment of a filter used in 
the sub-circuit; and 

Figs. 9 and 10 show an application of the digital 
control system to an optical reproducing appara- 
tus. 

Rg. 1 shows a general block diagram of a 
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digital control system according to the invention. 
The control system comprises a process 1 whose 
state variable, for example, a position of an object, 
may be influenced by an actuator 2. A sensor 3 

5 detects the value of this state variable and the 
converter 4 converts the detected value of the state 
variable into a series of digital measured signal 
values l(k). A digital signal processor 5 derives a 
control signal Vs for the actuator 2 from the series 

io of measured signal values l(k) according to a spe- 
cific control criterion. The digital controller 5 com- 
prises a digital sub-circuit 6. The digital sub-circuit 
6 has an input 7 for receiving a series of n-bit 
signal values a(k) related to the series of digital 

75 measured signal values l(k) produced by the con- 
verter 4. The sub-circuit 6 has a further input 8 for 
receiving an n-bit signal value b. The sub-circuit 
has an output 9 at which a series of p-bit output 
signal values l(k) are produced which are indicative 

20 of the quotient a(k)/b of the series of signal values 
a(k) on the input 7 and the signal value b on the 
input 8. 

Fig. 2a shows a first embodiment of the digital 
sub-circuit 6. This sub-circuit comprises a multi- 

25 plier 20 whose inputs are connected to the output 9 
and input 8 respectively. The output of the multi- 
plier 20 is coupled, for example, by means of an 
m-bit data bus 22, to one of the inputs of a com- 
paring circuit 21 . A further input of the comparing 

30 circuit 21 is coupled to the input 7 of the sub- 
circuit 6. The comparing circuit 21 produces a 
series of m-bit signal values indicative of the dif- 
ference e(k) between a series of m-bit signal values 
a(k) at input 7 and the series of m-bit signal values 

35 at the output of the multiplier 20. For example, over 
an m-bit data bus 23 the series of digital signal 
values e(k) are applied to a digital integral-action 
filter 24. 

A filter of this type may be a first-order or 

40 higher-order filter. Fig. 8 shows an embodiment of 
a first-order integral-action filter. This filter com- 
prises a delay element 80, for example, a synchro- 
nous register controlled with sample frequency fs. 
The output of the delay element 80 is fed back to a 

45 first input of an adder circuit 81. A second input of 
the adder circuit 81 operates as the input to the 
filter 24, whereas the output of the delay element 
operates as the output of the filter 24. The filter 24 
produces a series of multi-bit signal values Ie(k), 

so for example, 12-bit signals, which are indicative of 
a summation of the series of signal values received 
at the input. The series of signal values Ee(k) at the 
output of the filter 24 is applied to a quantizing 
circuit 25, for example, over an m-bit data bus 26. 

55 The quantizing circuit 25 is a circuit of a customary 
type, converting the m-bit signal values into p-bit 
signal values. The quantizing circuit 25 may com- 
prise, for example, a circuit separating the p most 
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significant bits from the signal values applied to the 
input. The p-bit signal values represented by these 
p bits are applied to the input 9 of the sub-circuit 6. 
The sub-circuit 6 forms a negative feedback sys- 
tem which has a low-frequency response curve 
owing to the integral-action filter 24. 

Owing to the negative feedback the low-fre- 
quency content of the series of signal values b.o(k) 
is equal to the low-frequency content of the series 
of signal values a(k). This denotes that the low- 
frequency content of the series of signal values o- 
(k) is equal to the low-frequency content of the 
quotient a(k)/b. 

Owing to the operation performed by the quan- 
tizing circuit 25 the noise power P(r) in the series 
of signal values o(k) will be large. However, if the 
bandwidth of the control loop is much smaller than 
the sample frequency fs, the noise power is espe- 
cially concentrated in the high-frequency region of 
the spectrum of the series of signal values o(k). 

Fig. 3 shows by way of illustration a customary 
transfer characteristic Hs of a control system plot- 
ted against frequency f. The bandwidth which is, 
for example, 2 kHz, is referenced Bl. Fig. 3 further- 
more shows the noise power Pr, Pr' and Pr" of the 
series o(k) depicted as functions of the frequency f 
for the respective sample frequencies fs, fs' and 
fs", where fs>fs>fs". Fig. 3 proves that the portion 
of the noise power Pr within the bandwidth Bl of 
the control system decreases according as the 
sample frequency increases. For a digital control 
loop having a bandwidth of 2 kHz very favourable 
results are achieved with a sub-circuit driven with a 
sample frequency fs equal to 2 MHz in combina- 
tion with a quantizing circuit producing a series of 
1-bit signal values o(k) at the output 9. 

Fig. 4 shows as an illustrative example a series 
of 12-bit signal values a(k) plotted against k. The 
values of a(k) are represented in the octal number 
system. Fig. 4 further shows the time interval Ts 
(= 1/fs) between the signal values. 

Fig. 5 shows a series of 1-bit signal values o(k) 
plotted against k which is obtained if the series a(k) 
is divided in the divider circuit by a constant value 
b = 1. 

Fig. 6 shows a possible spectrum Ha of the 
series a(k) plotted against frequency f. Fig. 7 
shows the spectrum of the series of signal values 
o(k). The spectrum of Fig. 7 shows a low-frequency 
portion Hoi which is equal to the spectrum Ha 
divided by the value b. Furthermore, the spectrum 
comprises the noise component Pr which is situ- 
ated, in essence, outside the region of the spec- 
trum covered by the low-frequency component Hoi. 

The sub-circuit 6 forms a negative feedback 
system. This denotes that the necessary stability 
requirements are to be satisfied for a proper func- 
tioning. For the sub-circuit 6 shown in Fig. 2a this 
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means that this circuit can only operate in a stable 
state for positive values of b on the input 8. Sign 
inversion of b will denote that the negative feed- 
back changes into an unstable positive feedback. 
5 Fig. 2b shows an embodiment of the sub- 

circuit 6 in which the problem of instability is 
solved by inserting between the quantizing circuit 
25 and the output 9 a circuit 27 which, in response 
to a signal sign.b which is indicative of the sign of 

10 the value of b, conveys in inverted fashion or not 
the signal value at the output of the quantizing 
circuit 25 to the output 9. The circuit 27 may 
comprise, for example, a controllable inverter cir- 
cuit of a customary type. When using circuit 27 it 

75 is achieved that a sign inversion of the signal value 
b does not have any effect on the negative feed- 
back, and thus not any effect on the stability of the 
sub-circuit 6. 

The number of bits per signal value produced 

20 by the quantizing circuit 25 is preferably small. For 
that matter, the complexity of the multiplier 20 is 
strongly related to the number of bits of the signal 
values on its input. An extremely simple multiplier 
20 may be used if the number of bits per signal 

25 value at the output is equal to 1. In that case AND . 
gates may be used for the multiplier, which apply 
or do not apply the signal value b to the comparing 
circuit 21 in response to the logic value of the 1-bit ; 
signal values at the output 9. 

30 The digital control system described above is 

pre-eminently suitable for control systems in which 
normalization of measured signals or in which loop 
gain adjustment is desired. An example of such a 
control system is the focus control in optical re- 

35 cording and/or reproducing apparatus. Fig. 9 shows 
a focus control included in such an optical record- 
ing and/or reproducing apparatus. In this Figure, 
reference number 90 denotes an optical record 
carrier of a customary type rotating around its axis 

40 91. Opposite to the rotating record carrier 90 is 
installed an optical read and/or write head 92 of a 
customary type. The head 92 comprises a radiation 
source for generating a radiation beam 100 which 
is focused at a reflecting information layer 97 of the 

45 record carrier 90 through an objective 93, a semi- 
transparent mirror 94 and a focus objective 95. The 
radiation beam reflected by the record carrier 90 is 
pointed at a radiation-sensitive sensor 99 through 
the semi-transparent mirror 94 and a beam splitter 

so 98, for example, a pentagonal prism. At that point 
the beam 100 is split into two sub-beams 100a and 
100b by the beam splitter 98. The sensor 99 com- 
prises a bank of four radiation-sensitive detectors 
99a, 99b, 99c and 99d. The positions of the detec- 

55 tors 99a 99d is such that if the radiation beam 

100 is focused on the information layer 97, the 
meeting surface of the beam 100a on the sensor 
99 has a symmetrical position relative to the mid- 
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die between the detectors 99a and 99b, whereas 
the meeting surface of the sub-beam 100b has a 
symmetrical position relative to the detectors 99c 

and 99d. The detectors 99a 99d produce four 

signal currents la Id which are indicative of the 

radiation power detected by the associated detec- 
tors. 

A focus error signal Fe indicative of the dis- 
tance between the focal point of the beam 100 and 
the information layer 97 may be derived from the 
signal currents according to the following formula: 



la = lb _ Ic - Id 
la + lb Ic + Id 



In this equation the focus error signal Fe is normal- 
ized by the division of the differences (la - lb) and 
(Ic - Id) by the respective sum values (la + lb) and 
(Ic + Id). This normalization has rendered the 
focus error signal Fe independent of variations in 
the intensity of the reflected radiation beam. The 
signal currents la, lb, Ic and Id are converted into 
series of digital signal values la(k), lb(k), lc(k) and 
ld(k) by the converter 4 and applied to digital signal 
processor 5. The signal processor derives there- 
from a control signal Vs for an actuator 101 for 
shifting the focusing objective 95 in a direction 
denoted by an arrow 102 so that the radiation 
beam 100 is maintained in a position focused at 
the information layer 97. 

Fig. 10 shows in greater detail the focus control 
system shown in Fig. 9. In the embodiment shown 
in Fig. 10 the converter 4 comprises four analog-to- 
digital converters which include, for example, 
sigma-delta modulators, for converting the signal 
currents la, lb, Ic and Id into series of digitized 
signal values la(k), lb(k), lc(k) and ld(k). A linear 
signal combining circuit 120 derives therefrom four 
series of digital signal values 11 (k), I2(k), I3(k) and 
I4(k) according to the following equations: 

11 (k) = ld(k) - lc(k) 
I2(k) = ld(k) + | C (k) 
I3(k) = la(k) + lb(k) 
I4(k) = la(k) - lb(k). 

The series of signal values I2(k) and I3(k) are 
applied to digital low-pass filters 121 and 122 re- 
spectively. At the output of the low-pass filter 121 a 
signal value 12* becomes available which is applied 
to the input 8a of a sub-circuit 6a of the type 
mentioned hereinbefore. The series of signal val- 
ues 11 (k) is applied to an input 7a of the sub-circuit 
6a so that a series of signal values I5(k) whose low- 
frequency component is equal to I1(k)/I2* becomes 
available at output 9a of the sub-circuit. 



In a similar fashion sub-circuit 6b derives a 
series of signal values I6(k) whose low-frequency 
component is equal to I4(k)/I3*. where 1 3* is the low- 
frequency component of the series of signal values 

5 I3(k) which component is determined by the low- 
pass filter 122. An adder circuit 123 derives from 
the series of signal values I5(k) and I6(k) a series of 
signal values Fe(k) whose low-frequency compo- 
nent is indicative of the focus error. An adder 

io circuit 124 derives from the signal value I2*(k) and 
I3*(k) a sum signal Ca(k) which is indicative of the 
overall intensity of the reflected beam. A digital 
controller 125, for example, a PID controller derives 
from the series of signal values Fe(k) a signal value 

75 Vs*(k) according to a predetermined control cri- 
terion. The series of signal values Vs*(k) is applied 
to input 7c of a sub-circuit 6c of the type men- 
tioned above, by means of which the gain of the 
control loop can be adjusted according to a digital 

20 setting value G on input 8c. The series of signal 
values Vs(k) at output 9c of the sub-circuit 9c may 
be used for driving the actuator 101. In the case 
where the number of bits per signal value is great- 
er than one, the signal value is to be converted into 

25 an analog signal by means of a digital-to-analog 
converter so as to enable the actuator to be driven. 
However, the sub-circuit 6c is preferably to be 
arranged in such a way that the number of bits per 
signal value is equal to 1. 

30 In that case the output of the sub-circuit 6c 

may be used directly for driving the actuator. How- 
ever, the signal at the output of the sub-circuit 6c is 
preferably coupled to the actuator 101 through an 
analog low-pass filter so as to avoid the noise 

35 components in the control signal causing unnec- 
essary heat dissipation in the actuator and/or ac- 
tuator drive circuit. 
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Claims 



1. Digital control system, comprising an actuator 
for influencing a state variable in a process, a 
sensor for detecting the state variable, a con- 
verter for converting the detected state variable 

45 into a series of digital measured signal values, 

a digital signal processor for deriving an ac- 
tuator control signal from the series of mea- 
sured signal values, characterized in that the 
signal processor comprises a digital sub-circuit 

so which has a first input for receiving a series of 

m-bit signal values which are related to the 
measured signal values, a second input for 
receiving an n-bit signal value and an output 
for producing a series of p-bit signal values 

55 which are indicative of the quotient of the se- 

ries of m-bit signal values on the first input and 
the signal value on the second input, the signal 
processor also including a generating means 
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for generating a control signal related to the 
series of signal values at the output of the sub- 
circuit, the sub-circuit including a multiplier 
which has a first input coupled to the output of 
the sub-circuit and a second input coupled to 5 
the second input of the sub-circuit and has an 
output for producing a series of signal values 
indicative of the product of the output signals 
and the signal samples on the second input, 
the multiplier output being coupled to a first 10 
input of a comparing circuit, a second input of 
the comparing circuit being coupled to the first 
input, an output of the comparing circuit being 
coupled to an input of a quantizing circuit for 
converting the series of signal samples on its 75 
input into a second series of p-bit signal val- 
ues, with p smaller than n, and the output of 
the quantizing circuit being coupled to the out- 
put of the sub-circuit, and the loop formed by 
the comparing circuit, quantizing circuit and 20 
multiplier, comprising an integral-action filter. 

2. Control system as claimed in Claim 1, char- 
acterized in that the output of the quantizing 
circuit is coupled to the output of the sub- 25 
circuit by means of a circuit for inverting the 

sign of the signal samples produced by the 
quantizing circuit in response to the sign of the 
signal samples on the second input ■ 

30 

3. Control system as claimed in Claim 1 or 2, 
characterized in that p is equal to 1 . 

4. Control system as claimed in Claim 3, char- 
acterized in that the output of the sub-circuit is 35 
coupled to the input of the actuator only 
through an analog signal path. 

5. Control system as claimed in Claim 4, char- 
acterized in that the output of the sub-circuit is 40 
coupled to the input of the actuator through a 
low-pass filter. 

6. Control circuit as ciaimed in Claim 1, 2 or 3, 
characterized in that the first input of the sub- 45 
circuit is coupled to an output of the converter 

for receiving a series of measured signal val- 
ues, the output of the sub-circuit being coupled 
to a control circuit for deriving a series of 
control signal values from the series of signal so 
values at the output of the sub-circuit, and the 
digital signal processor comprising a converter 
for converting the series of control signals into 
the actuator control signal. 

55 

7. Digital sub-circuit as defined by the character- 
istic features of the sub-circuit as claimed in 
one of the preceding Claims. 
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